Introduction
The gradual loss of insulin-producing beta cells results in hyperglycemia and diabetes ensues. In type 1 diabetes (T1D), the loss is due to an autoimmune attack on betacells (Eisenbarth 1986) whereas, in type-2 diabetes (T2D), increasing demand for insulin due to peripheral insulin resistance causes undue stress on beta cells and, ultimately, their apoptosis (Cnop et 0al. 2012) . Currently, there are no clinical tests available to directly monitor beta-cell health. Routine tests such as measurement of insulin/c-peptide levels or blood glucose levels (fasting or after glucose challenge) do not provide adequate information about the mass and/or function of insulin-producing beta-cells. The development of new imaging technologies that allow for specific monitoring of beta-cell status, including evaluation of therapeutic efficacy and assistance in following transplanted islet grafts, would greatly aid in the clinical management of the disease. Similarly, therapeutic strategies that target beta-cells exclusively would overcome the issues with low bioavailability and significant toxicity of conventionally administered therapeutics. The wide implementation of these technologies is hindered by the lack of established and 502792J HCXXX10.1369/0022155413502792Kavishwar and MooreSphingomyelin Patches and Insulin Secretion research-article2013 validated specific markers on the beta-cell surface. The several markers that have been described so far (GAD (Baekkeskov et al. 1990) , carboxipeptidase H (Castano et al. 1991) , ICA69 (Pietropaolo et al. 1993) , VMAT-2 (Maffei et al. 2004; Pettibone et al. 1984) , GLP-1R (Reiner et al. 2011; Wicki et al. 2007 ), SUR-1 (Schneider et al. 2005) , FXYD2 (Flamez et al. 2010) , TMEM27 (Vats et al. 2012 ) and scFv's from phage display libraries (Ueberberg et al. 2009 ) still require validation in animal models (for review see (Kavishwar and Moore 2012) ). Importantly, these markers do not reflect beta-cell function, which is a serious drawback when an evaluation of therapeutic efficacy is needed. A recent comprehensive study utilized zinc as a functional beta-cell biomarker, which could be used for non-invasive imaging (Lubag et al. 2011 ). However, the zinc sensor used by Lubag and colleagues cannot be used for the purposes of therapeutic delivery. Ideally, a betacell-specific biomarker, suitable for targeting for both imaging and therapy, should be located on the beta-cell surface and be indicative of beta-cell function.
To this end, we have recently described unique cholesterolstabilized sphingomyelin (SM) patches on the surface of betacells defined by targeting with an IC2 antibody (Kavishwar et al. 2011) . IC2 is a rat monoclonal IgM that was obtained by fusing splenocytes from diabetic BioBreeding (BB) rats with the Y.3 Ag 1.2.3 rat myeloma cell line. The resulting hybridomas were screened for the production of monoclonal antibodies specific to the surface of Rin5F rat insulinoma cells (Brogren et al. 1986) . We have previously shown the utility of the IC2 antibody in determining beta cell mass ex vivo in an STZ model of diabetes (Moore et al. 2001) . To fully exploit the value of this antibody or its fragments for imaging and/or targeted therapy we have recently elucidated the antigen for this antibody (Kavishwar et al. 2011) . In particular, we showed that sphingomyelin stabilized with cholesterol forms unique patches on the surface of beta-cells that are recognized by the IC2 antibody. Furthermore, these patches were unique for beta-cells and were not expressed on any other types of islet cells or in any other tissue (Kavishwar et al. 2011) . To further investigate the utility of SM patches as a unique betacell biomarker, we embarked on the current study. Specifically, we explored changes in the expressions of SM patches on the beta-cell surface during diabetes development and correlated it with changes in insulin secretion. We used pancreatic tissue samples from patients with type 1 and type 2 diabetes, as well as tissues from several animal models of diabetes. Using immunohistochemistry, we demonstrated direct correlation between reduced expression of SM patches and insulin production, indicating that the former could potentially serve as a functional biomarker of beta-cells. We believe that our results have significant implications for the further development of ligands with SM specificity for the non-invasive functional assessment of beta-cells and/or for targeted therapeutic delivery.
Materials and Methods

Cell Culture
RinM5f (CRL-11605, ATCC), a rat insulinoma cell line, was cultured in RPMI medium supplemented with 10% FBS. Media was changed every third day to keep the cultures in an exponential growth phase.
Antibody Purification
IC2 antibody was purified from hybridoma cell culture using the following procedure. First, 10 cm x 10 cm PVDF membrane was spray-coated with ~ 200 µl of porcine brain sphingomyelin (10 mg/ml, Avanti Polar Lipids Inc., Alabaster, AL), and allowed to air dry. IC2 hybridoma culture supernatant was cleared at 10,000 xg for 15 min and buffered 1:1 with 100 mM PBS. Then, 100 ml of this buffered supernatant was poured on top of the sphingomyelincoated PVDF membrane and the membrane incubated overnight on a rocker at 4C. After extensive washing with PBS, the antibodies were eluted with IgG elution buffer (Thermo Fisher Scientific Inc., Rockford, IL). Purity of eluted antibody was analyzed by SDS-PAGE in the presence or absence of reducing agent (beta mercaptoethanol) following by staining with Coomassie blue.
Animals
The following animal models of diabetes were employed in this study.
NOD/ShiLtJ female mice were purchased and aged from The Jackson Laboratory (Bar Harbor, ME) and maintained in a germ-free environment at Massachusetts General Hospital animal facility. Mice were sacrificed at the ages of 4, 6, 10 and 17 weeks and their pancreata were isolated and analyzed by immunohistochemistry as described below. Onset of diabetes in mice was followed by blood glucose measurements (Bayer Contour, Tarrytown, NY) every other day. Animals with blood glucose levels of >250 mg/dL on two consecutive measurements were considered diabetic.
Both, multiple low-dose streptozotocin (MLDS) and single high-dose streptozotocin (SHDS) protocols were used to generate type 1 diabetic BALB/c mice. For MLDS, 8-10-week-old mice received freshly dissolved streptozotocin (STZ) 50 mg/kg body wt intraperitoneally every day for 5 days with concomitant blood glucose monitoring. The SHDS mice received one 300 mg/kg body wt STZ injection. Organs were harvested following euthanasia and stored frozen in OCT at -80C.
All animals were in a fed-state when the pancreata were collected. All animal experiments were approved by Institutional Animal Care and Use Committee at MGH and performed according to the guidelines of the committee.
Human Patient Samples
Frozen sections of human pancreata were obtained from the Network for Pancreatic Organ Donors with Diabetes (nPOD), a collaborative T1D research project sponsored by the Juvenile Diabetes Research Foundation International (JDRF). We used sample/CaseID as indicated on the nPOD website. A total of four T1D and five T2D samples were selected for this study based on their blood glucose, body mass index (BMI) values, and history of diabetes. Samples from healthy patients (n=5) were used as a control. All patient samples used in the study were excised from the tail of the pancreas.
Immunohistochemistry of Pancreatic Sections and Cells
Human and mouse pancreatic sections were co-immunostained with IC2, anti-insulin and anti-glucagon or anti-somatostatin antibodies. Frozen sections (5-7-µm thick) were fixed with 4% formaldehyde for 5 min, washed with PBS and blocked with 2% BSA in PBS for 1 hr at room temperature. IC2 (1 µg/ ml) and guinea pig anti-insulin (Abcam, Cambridge, MA) and rabbit anti-glucagon antibodies (Abcam), diluted to 1:50 and 1:100, respectively, were mixed in 2% BSA, added to the sections and incubated at room temperature for 2 hr. Then, sections were washed with PBS and incubated in the mixture of goat anti-rat IgM-AF594 (1: 1000 dilution, Invitrogen, Carlsbad, CA), goat anti-guinea pig IgG (H+L)-FITC (1:200 dilution, Abcam) and goat anti-rabbit IgG (H+L) AF-680 (1:500 dilution, Invitrogen) for 2 hr. Next, the sections were washed with PBS, mounted in ProLong® Gold anti-fade reagent with DAPI (Invitrogen), and observed under fluorescence microscope. For pancreatic sections from human patients, the fluorescence intensity was scored on a scale of 1 to 5 by two blinded investigators. In all of these experiments, an irrelevant purified rat monoclonal IgM was used as control for IC2. Staining without primary antibodies was also used as a control.
For some experiments RinM5f cells were stained for sphingomyelin patches. First, cells grown on coverslips were washed three times with PBS at room temperature. Thereafter, all fixation and staining steps were similar to the procedures described above for tissue sections.
Staining of Purified Islets from T2D Patients
Purified islets from a T2D patient were obtained from Prodo Laboratories Inc., (Irvine, CA) through Integrated Islet Distribution Program. The patient was diagnosed with diabetes four years before death and was on oral medications for the treatment of diabetes and hypertension (medications were not specified in patient's file). The islet preparation was more than 80% pure and had a viability of more than 80% at the time of the experiment. After receiving islets, they were allowed to recover overnight at 37C until the next morning. After fixing in 4% formaldehyde, the whole islet preparation (not islet sections) was stained with anti-insulin, anti-somatostatin and IC2 antibodies. After washing, islets were incubated with secondary goat anti-rat IgM-AF594, goat anti-guinea pig IgG (H+L)-FITC and goat anti-rabbit IgG (H+L) AF-680, as described above.
Results
IC2 Purification and Characterization
To obtain purified IC2 antibody, we utilized ligand affinity chromatography. We have previously identified sphingomyelin patches as an antigen for this antibody (Kavishwar et al. 2011) . In this study, we used sphingomyelin-coated PVDF membranes as a stationary phase. The amount of antibody eluted after several rounds of purification was unchanged, suggesting that there was no loss of sphingomyelin coating from the PVDF membrane. Purified antibody preparation was found to be more than 90% pure by SDS-PAGE electrophoresis ( Fig. 1A) . Binding specificity of IC2 antibody was further confirmed by staining with RinM5f cells (Fig. 1B ). Characteristic punctate staining was observed similar to that previously described (Kavishwar et al. 2011) , indicating that the new purification method did not compromise antibody specificity.
Immunohistochemistry of SM Patches in Human Diabetic Pancreas
Sections of normal and diabetic pancreas were stained for IC2, insulin and glucagon and staining intensity was scored on a scale of 1 to 5 (Table 1) . IC2 staining was concomitant with insulin staining and was localized within the islets. No IC2 staining of surrounding non-endocrine pancreatic islet tissue was observed ( Figs. 2 and 3) . In pancreatic tissue from normal individuals, the IC2 staining was intense, with a significant number of visible patches per cell compared with diabetic samples, where the staining intensity was low and the patches were not evident.
Of the four T1D samples examined, three samples showed a lack of insulin staining. IC2 staining was also absent in those samples. These patients had a history of diabetes ranging from 8 to 41 years. On the contrary, a newly diagnosed case (1 year duration) exhibited insulin staining (Fig. 2 Case ID: 6113). This sample had a concomitant IC2 staining with clearly seen patches. In all T1D sections examined, we found that, although the islets showed significant atrophy, staining for glucagon was still present.
There was a significant variability in insulin staining among T2D patients, which mirrored IC2 staining (Fig. 3) . Overall, IC2 staining was more pronounced in the samples with defined insulin production and lower or absent in the samples with poor insulin staining. Staining of purified islets from a type 2 diabetes patient showed the same trend with IC2 staining overlapping with the insulin staining (Fig.  4) . In these islets, insulin staining was localized to the part of the islet where presumably the functional beta-cells were present. In samples from type 2 diabetes patients, we did not observe any correlation between the intensity of IC2/ insulin staining and duration of the disease. We would like to point out that not all cells in the islet respond similarly to changes in blood glucose levels. Some cells release their content earlier than the others. Also, beta-cells never release all of their insulin granules at the same time and hence there will always be an inherent difference in insulin staining within the same islet, as seen in these figures. However, this would not interfere with our ultimate goal of developing beta-cell-specific imaging agents. This is because the overall imaging signal will be collected from the region of interest without the need to visualize a single cell.
Changes in SM Patches Expression during T1D Development in NOD Mice
NOD, or non-obese diabetic, mice represent the most widely used mouse strain having T1D progression similar to that in humans (Anderson and Bluestone 2005) . To establish and understand a possible relationship between insulin expression and the presence of SM patches observed after staining with IC2 antibody, we performed immunohistochemistry using pancreata from 4-, 6-, 10-and 17-week-old NOD mice. Our results indicated that insulin, IC2 and glucagon staining appeared normal in 4-and 5-week-old mice (data not shown for 5-week-old mice; Fig. 5 ). By 6 weeks of age, we observed some initial mononuclear cell infiltration in islets accompanied by a slight reduction in insulin and IC2 staining. By 9 weeks of age (not shown), almost all islets contained mononuclear cell infiltration to some degree. Parts of the islets infiltrated by mononuclear cells showed no insulin staining. Slightly reduced insulin staining was present in the areas devoid of infiltration. In all sections, IC2 staining followed the pattern of insulin staining. A slight reduction in intensity of staining or density of SM patches was seen in the areas of insulin staining. By 10 weeks of age, significant parts of the islets were taken over by infiltrating mononuclear cells but insulin and IC2 staining were still visible in some areas. Mice became severely diabetic by 17 weeks of age judging by their blood glucose levels. Pancreatic sections from these mice showed no insulin staining. As expected, IC2 staining was also absent. On some sections, T-cell infiltration could still be seen surrounding the islets and the destruction of insulin-producing beta-cells was complete (Fig. 5) .
We need to mention that the bright spots observed in the images of 10-week-old NOD mice with IC2 staining represent non-specific staining with the secondary antibody against IgM. It is well known from the literature that IgMpositive cells have been found to be a major constituent of the mononuclear cell infiltrate in islets, forming follicular (nodular) cell aggregates (Kanazawa et al. 1984) . Indeed, we performed control staining without primary antibody using the tissue from 10-week-old NOD mice, and observed these bright cell clusters that appear to resemble nodular cell aggregates (see Supplementary Information, Fig. 1) . These nodules co-localized very well with mononuclear cell infiltrates observed in these islets. This was not seen in islets of mice without infiltrates of invading leukocytes. 
Expression of SM Patches Is Affected by Streptozotocin
To confirm the interconnection between insulin staining and the expression of SM patches, we investigated the same in MLDS and SHDS mouse diabetes models. In MLDSinjected animals, a marked reduction in insulin staining (both in the number of cells and in the intensity per cell) was clearly visible already on the fifth day after STZ injection (Fig. 6) . Insulin-positive cells that were still present appeared large. While the islets in these sections showed severe atrophy, no mononuclear cell infiltration was observed. Similar to our previous results in other animal models and human sections, IC2 staining correlated with IC2: ++++ Insulin: ++++ Glucagon: +++++ insulin staining and was not observed if insulin staining was absent. Similar results were obtained for SHDS-injected mice. Islets in these mice had a slightly higher number of insulin-positive cells than that in the MLDS model. The results of these studies confirmed our previous findings in NOD mice and showed direct correlation between the reduction in insulin secretion upon STZ administration and the expression of SM patches.
Discussion
The determination of specific markers for pancreatic betacells has been a long sought after goal of diabetes research, as its realization would enable specific targeting of these cells for imaging and/or image-guided therapy. We recently reported the discovery of cholesterol-stabilized sphingomyelin patches on the surface of beta-cells that are targeted by IC2, a rat monoclonal antibody (Kavishwar et al. 2011) . In this study, we investigated whether the expression of these patches vary during diabetes development. To this end, we examined pancreatic tissues from human subjects with various stages of type 1 and type 2 diabetes, as well as tissues from various animal models of diabetes. Our results with human samples pointed toward the direct correlation between insulin expression and the presence of SM patches as IC2 antibody staining. In all samples from patients with established diabetes for whom we observed a decrease or disappearance of insulin staining, IC2 staining was also compromised and accurately mirrored the former. To further investigate this phenomenon, we utilized three models of type 1 diabetes widely used in the laboratory setting. Reduced or absent staining for IC2 in NOD mice of various age as well as in SHDS-and MLDS-injected animals correlated well with insulin secretion in these animals. Interestingly, we found that disappearance of IC2-defined SM patches in NOD mice was gradual and was associated with the gradual loss of insulin staining, which started at 6 weeks of age along with emergence of mononuclear cell infiltrates.
We believe that this study is important for understanding the connection between SM and insulin secretion. Insulin is synthesized as preproinsulin and fed into rough endoplasmic reticulum (ER) where the signal peptide is immediately cleaved off releasing proinsulin into the lumen of the ER. Proinsulin is then shuttled into Golgi stacks where it is sorted for packaging into secretory vesicles. Condensation/ crystallization of proinsulin is followed by the pinching-off of Golgi cisterna into a clathrin-coated secretory vesicle. Subsequent acidification of coated vesicle creates conditions for proteolytic cleavage of proinsulin into insulin and C-peptide. As these vesicles traverse toward the plasma membrane and begin to mature, the clathrin coat is lost and . Immunohistochemical staining of purified islets from type 2 diabetes (T2D) patients. Islets from T2D patients were stained for insulin (green), IC2 (red) and somatostatin (white) DAPI nuclear stain is depicted blue. See Table 1 for patient sample description. Bar = 50 µm.
Figure
5.
Changes in insulin expression and sphingomyelin (SM) patches during type 1 diabetes (T1D) in non-obese diabetic (NOD) mice. Pancreatic tissue sections from 4-, 6-, 10-and 17-week-old NOD mice were stained for insulin (green) and IC2 (red). DAPI nuclear stain is depicted in blue. Magnification bar = 50 µm. the insulin vesicles, now called insulin granules, are positioned against the plasma membrane for fusion and insulin release (Orci et al. 1987) . Sphingomyelin synthase (SMS) 1 and 2 play important roles in the pinching-off of secretory vesicles from Golgi cisterna. Pharmacological blockage of SMS or the downregulation of SMS-1 or SMS-2 with siRNA inhibits this process. This causes repressed insulin secretion in response to glucose stimulation in Ins-1E cells (Subathra et al. 2011) . Similarly, SMS-1 knockout animals display severe deficiencies in insulin secretion (Yano et al. 2011 ). These studies demonstrate that sphingomyelin metabolism is uniquely involved in insulin secretion. Our results are in agreement with these conclusions, demonstrating the reduction of SM expression through IC2 staining, which ran in parallel with the reduced insulin production. However, it is premature to make a conclusion about the correlation between sphingomyelin patch expression and insulin secretion. The only conclusion that we can make relates to the staining patterns of IC2 and insulin, which most likely reflect their expression. It would be extremely interesting to explore the possibility that such a correlation might exist in our future studies.
The significance of our study is underscored by the fact that SM patches not only serve as a marker for beta-cell surface, but also as an indicator of functionality of these cells. Importantly, we observed a similar trend in the correlation between insulin expression and the expression of SM patches in islets from both type 1 and type 2 diabetes pancreata; this points to the possibility of the universal biochemical mechanism connecting these events, which is independent of the mechanism that causes diabetes.
